ABSTRACT With the continuous increasing requirement of dc power generations and dc electrical equipment, dc microgrids (MGs) show great natural advantages and development potential. In this paper, aiming at optimal sizing method of distributed generations (DGs) in the dc MGs, the output and capacity of photovoltaic units, wind turbine units, and an energy storage system (ESS) are presented based on the components structures and operation characteristics of the dc MGs. Due to the feature of the dc MGs that demands grid-connected converter (GCC) to exchange power with ac grid, the operating status of GCC and on-grid price are taken into account in the economic objective functions of the dc MGs. Meanwhile, with constraints including battery state of charge, loss of power supply probability (LPSP), renewable energy efficiency (REE), and so on, a particle swarm optimization algorithm is adopted to calculate the optimal sizing results targeting at the lowest annualized capital cost and operation & maintenance (O&M) cost. Furthermore, based on the analysis of the operation schemes of the dc MGs and the dynamic lifespan estimated results of ESS, an optimal sizing approach with comprehensive consideration of system operation modes and operation targets of the dc MGs is proposed. The variation trends of annualized capital cost and O&M cost are investigated under different LPSP and REE. Meanwhile, the system operation schemes are validated by using the obtained results, and the comparison and analysis of the detailed results are conducted.
as the high depreciation expenses. Besides, when DC MGs connect with AC grid and exchange energy mutually, it could also bring on-grid electricity generation and consumption costs [23] . These involved factors like capital cost, operation & maintenance (O&M) cost, equipment lifespan, grid electricity price and power quality are needed to be taken into account comprehensively in the process of optimal sizing. Meanwhile, goals like optimal economic efficiency and ensuring the reliable operation in different operation modes of MGs should be considered.
In dealing with the problem of optimal sizing of MGs, the economic objectives are generally considered, then the modeling of each unit in MGs and the relevant constraints are implemented. A lot of existing literatures present the modeling of photovoltaic (PV) units, wind turbine (WT) units, ESS etc. in AC MGs. In [24] , the model of standalone hybrid solar-wind system is established, and the optimal sizing method is developed to calculate the optimal system configuration. The incidence angle of PV modules and the tower height of WT are considered in the power modeling of PV and WT. On this basis, the results of optimal sizing under different loss of power supply probability (LPSP) are investigated. In [25] , a robust optimization based approach is proposed for optimal generation scheduling of MG in both grid-connected and grid-isolated modes. In this paper, wind power uncertainty is modeled through interval forecasting using autoregressive integrated moving average model. Besides, by considering the lifespan of batteries, a lead-acid battery life loss model based on effective cumulative Ah throughput is built in [26] , and the lifespan characteristics of a battery based ESS in standalone MGs is investigated.
Meanwhile, some constraints should be noticed in optimal sizing of different units in MGs. In [27] , by considering the reliability criterion, a model for calculating optimal sizing of an ESS in a MG is presented. The MG constraints such as power balance, power transfer limit and load curtailment limit are taken into account. The most of aforementioned models of DGs in AC MGs can be used in DC MGs directly, however some modeling differences between AC and DC MGs should be further studied.
The optimal sizing process of MGs can be regarded as an optimized solving of high-dimensional and nonlinear model with multiple targets, variables and constraints. A large number of corresponding approaches are conducted by scholars [28] , [29] . By transforming this optimal issue into multi-objective solving problem, the optimal configuration of MGs can be solved by intelligent optimization algorithms [30] , [31] . In [32] , an optimal sizing method for MGs in off-grid operation is proposed considering the investment, operation and maintenance costs. The solving problem is transformed into solving the nonlinear model via evolutionary algorithm. Besides, aiming at the problem of high cost of ESS in MGs, EES model and reliable criterion of system are built in [27] . The goal of the minimum overall cost by optimizing the sizes of ESS is achieved by using the mixed integer planning algorithm. In [33] , leveled energy cost, emission reduction benefits and payback period are considered as the economic evaluation indicators of MGs. By establishing energy management strategy and optimization models, economic analysis and optimal design of smallscale MGs are conducted.
The above studies are mainly focus on AC MGs. Unlike AC MGs, DC MGs connect utility grid by grid-connected converters (GCC) instead of static switches, and achieve energy exchange between DC MGs and AC grid. For this reasons, the capacity and cost of GCC and grid prices should be taken into account. Meanwhile, according to the working status of GCC, different operation modes of DC MGs should be considered to realize comprehensive optimal sizing approach.
In this paper, aiming at the above problems, an optimal sizing method of DC MGs based on comprehensive consideration of system operation modes and operation targets is proposed. The output models and capacity models of DGs, system economic objective functions and relevant constraint conditions in DC MGs are presented, then system optimal sizing model is set up. Based on the battery life loss model, the lifespan of ESS is estimated and the capital cost is converted. Further, by considering the LPSP of loads, renewable energy efficiency (REE) and time-of-use electricity prices, the economic operation of DC MGs is realized. On this basis, differernt operating shcemes of DC MGs according to the working status of GCC are presented. Furthermore, by using particle swarm optimization (PSO) algorithm, optimal sizing approach for DC MGs is conducted. The effectiveness of the proposed method is validated through a low-voltage DC MG with statistical data of illumination, wind speed and load power etc. in an appointed area. Differernt operation shcemes of DC MG are demonstrated by analysing the output power of DGs daily. Meanwhile, the annualized cost trends under different LPSP and REE are investigated.
The rest of this paper is organized as follows. In Section II, the architecture of DC MGs and the inside DGs are introduced. The modeling of distributed generations in DC MG, and the lifespan model of ESS are also presented in Section II. Based on the economic objective function, the optimal configuration models of DC MGs with system constraints are established in Section III. After analysing the operation modes of DC MGs, the proposed optimal sizing scheme with comprehensive consideration of system operation modes and operation targets is presented in Section IV. Section V shows the detailed case studies and simulation demonstration results. Finally, Section VI summarizes the paper and draws the conclusion.
II. COMPONENTS AND UNIT MODELING OF DC MGS
A. COMPONENTS OF DC MG SYSTEM Fig. 1 shows the adopted architecture and components of a low-voltage DC MG, which mainly include REGs, ESS, GCC and DC power load. The power loads with different voltage levels are supplied via dedicated power electronic converters.
Specific descriptions of each unit are as following. 1) REG units: PV arrays and small-scale WTs are employed as micro-sources in DC MGs, and complementary advantages of different types of renewable energy can be realized to generate green electricity. The converters of PV units and WT units can be set at MPPT mode to capture as much solar and wind energies as possible.
2) ESS units: batteries are connected with DC bus through bidirectional DC/DC converters in ESS units. When there is sufficient energy in DC MG, energy storage units would get charged or standby. Meanwhile, it can be discharged to ensure power balance and stable operation of DC MG while energy is insufficient.
3) GCC: DC MGs connect AC grid with a bidirectional DC/AC converter to realize energy exchange between DC MGs and AC grid. Furthermore, electricity can be sold to the grid through GCC when demand for electricity is at its peak in AC grid, then purchase electricity at lower prices when the consumption in the grid is low, and economic interests can be pursued in this way.
B. MODELING OF DISTRIBUTED GENERATIONS 1) THE OUTPUT MODEL OF PV UNITS
The output power of PV units is mainly affected by solar illumination intensity and environment temperature, which can be expressed as follows [26] :
where P pv is the output power with the surface temperature of PV cells T c and the illumination intensity G c , and k is the power temperature coefficient. G STC is 1 kW/m 2 , and T STC is 25 • C. P STC is the rated output power of PV cells under standard test condition, which can be usually given by the manufacturer. The surface temperature T c of PV cells is related to the environment temperature, illumination intensity and the wind speed.
where T a is the environmental temperature, the coefficient α is related to wind speed. With (1), the output power data of PV units in DC MGs can be obtained accordingly.
2) THE OUTPUT MODEL OF WT UNITS
The expression of relations between the output power of WT units and wind speed can be composed by a piecewise function [34] :
where P wt (v) is the output power of WT units with an ambient wind speed v. p r is the rated power of WT. v ci , v co and v r are the cut-in wind speed, cut-out wind speed, and rated wind speed, respectively. Based on the data of wind speed, the output power of WT units can be calculated according to this output model.
3) THE CAPACITY MODEL OF ESS
Valve regulated lead acid (VRLA) batteries have the advantages such as low cost, mature technology, etc., which are widely applied in ESS. During charging, the electric quantity of VRLA batteries E bat (t + t) is equal to the sum of the current electric quantity E bat (t) and integral charge power in unit time. Similarly, during discharging, E bat (t + t) is equal to the difference between the current electric quantity E bat (t) and integral discharge power in unit time. Consequently, the equations of capacity model of ESS can be presented as
where σ is the self-discharge coefficient of batteries, η ch and η dh are the charge and discharge efficiency, respectively. Furthermore, the state of charge (SoC) of batteries after charging and discharging in the period of t can be VOLUME 6, 2018 determined as follows:
where E bat is the rated capacity of batteries.
4) CONSTRAINTS OF ESS
There are some constraints of ESS for safety use of batteries. Firstly, during the charge and discharge process, the SoC of batteries is not allowed to run into the unsafe over-charge or over-discharge operation range, and the constraints should be given for upper limit and lower limit as
where SoC min is the lower limit and SoC max is the upper limit. Based on the rated capacity of batteries and equation (8), in the solving process of optimal sizing, the capacity of batteries in DC MGs should be limited in the following range:
Simultaneously, allowable maximum charge and discharge powers of the batteries are related to the SoC and their terminal voltages: (11) where N bat is the number of batteries in ESS, and V bat is the terminal voltage of batteries. I max ch and I max dh are the allowable maximum charging and discharging currents.
5) THE LIFESPAN MODEL OF ESS
The lifespan of batteries is not only related to the cycles of charge and discharge, but also affected by the charge and discharge depth and the ambient temperature. After the available cycles are reached, the batteries will become unavailable and need to be replaced. Therefore, in order to calculate the operation cost of DC MGs accurately, the lifespan model of ESS is essential to be included in the optimal model of DC MG.
For this purpose, a weighted Ah aging model is employed in this paper. This model assumes that the battery can deliver a certain amount of ''effective'' Ah throughout its life [35] . The effective Ah throughput is calculated as the product of the actual Ah delivered by the battery and an effective weighting factor λ. By using the effective Ah aging method, the lifespan model of ESS can be obtained with the following steps:
Firstly, calculate the life loss of batteries by using effective cumulative Ah value:
where A total is the total discharge quantity of the batteries in the whole life cycles. According to [26] , A total is equal to 390 · E bat . A c is the effective cumulative Ah in the discharge period, and it can be expressed as follows:
where A r c is the actual Ah. λ depends on the SoC of batteries, and can be expressed as follows:
The relationship between λ and the SoC is depicted in Fig. 2 . Therefore, the battery life loss cost can be calculated as follows (15) where C init_bat is the initial capital cost of batteries. The effective Ah aging method has the advantages of easy to realize and low computations. Under the assumption that the battery temperature is constant, the lifespan of ESS at t can be calculated by accumulating the life loss value of batteries.
6) THE POWER MODEL OF THE GCC
The GCC connected between DC MGs and AC grid can transmit power bi-directionally according to the power command P cmd , and the power should not exceed its capacity limits. GCC can absorb electric energy from AC electric network under rectification working state, and transmit electric energy to AC electric network under contravariant working state. Besides, once the DC MGs run into the off-grid state, GCC will be idle state. In summary, the power expression of the GCC can be presented as follows: (17) where P gcc is the actual exchanging power between DC MG and AC electric network, and P rate is the rated capacity of the GCC.
III. OPTIMAL SIZING MODELS OF DC MGS A. ECONOMIC OBJECTIVE FUNCTION OF DC MGS
According to the above introduced components and models of DC MGs, economic objective functions of DGs in DC MGs including PV units, WT units, ESS and GCC can be obtained. The economic objective function of each DG mainly includes equipment capital cost and O&M cost for operation and maintenance simultaneously.
1) CAPITAL COSTS OF DGS IN DC MGS
The capital cost of REGs in DC MG can be presented as follows:
where N (i, j) represents the number of i-type REGs in j-th optimal sizing process. C ini (i), C setup (i) and C con (i) are the initial capital cost, installation cost and remaining cost of i-type REGs respectively. Considering the interest rate, the annualized capital cost of REGs in DC MGs can be expressed as follows:
where r is the interest rate, C cap reg (i, j) represents the capital cost of i-type REGs in j-th optimal sizing process, and m i is the lifespan of i-type REGs.
Further, the O&M cost of REGs can be expressed as
whereK reg (i) is maintenance cost coefficient of i-type REGs, and P(i, t) is the output power of i-type REGs at time t. The capital cost of ESS C cap bat (j) is consist of capacity cost and power cost. It can be determined as follows:
where C p bat and C e bat are unit power cost and capacity cost of ESS respectively. P bat (j) and E bat (j) are rated power and rated capacity of ESS in j-th optimal sizing process.
Considering the aforementioned lifespan model and economic objective function of ESS, the annualized capital cost of ESS can be further obtained as follows:
The O&M cost of ESS in DC MGs can be expressed as
where K bat is maintenance cost coefficient of ESS, and P bat (t) is discharge or charge power of ESS at time t. Similarly, the annualized capital cost of GCC in DC MG can be expressed as
where C cap gcc and m con are the unit capital cost and lifespan of GCC respectively, P rate gcc (j) is the configuration result of GCC in j-th optimal sizing process.
Besides the capital cost and O&M cost, GCC in DC MG could generate on-grid price by exchanging power with AC grid, and the corresponding on-grid price can be expressed as
where P gcc (t) is the exchanging power through GCC at time t. C buy (t) and C sale (t) are unit purchase price and unit sale price of electricity at time t. The O&M cost of GCC can be obtained as
where K gcc is maintenance cost coefficient of the GCC. According to the annualized capital cost and O&M cost of each unit in DC MG, the economic objective function of the system can be obtained, and it will be given in Section III-B with the constraints in the form of problem solving model.
2) SYSTEM CONSTRAINTS OF DC MGs
In the operation period of DC MGs, it is necessary to obey potential constraints, and the primary one is energy balance among the DGs in DC MG. Meanwhile, some system operation constraints such as LPSP and REE can be included to achieve economic and environment-friendly targets simultaneously. Besides, reasonable constraints can ensure that the optimal sizing results are more reliable and practical.
In this paper, PV and WT are employed as the REGs, and their output power in DC MG at time t can be obtained as follows:
The system energy balance constraint can be further obtained as:
where P load (t) is the power consumed by user loads at time t. VOLUME 6, 2018 When DC MGs is operated in some extreme conditions, the power supply in DC MG may be insufficient. For example, in the off-grid operation mode, the output power of energy generation units may not satisfy the load demand, and ESS has reached the lower limit of SoC or the maximum discharge powerP dh bat_max . Even in grid-connected operation mode, the shortage of power obtained from the AC electric network could exceeds the capacity limit of GCC. At this case, DC MG will be lack of energy. This problem can be solved by improving the configuration number of DGs and the capacity of GCC, but blindly increasing the unit number will directly cause the substantial increase of capital cost and lead to resource wastes during normal operation conditions of DC MGs.
Therefore, the LPSP constraint can be involved as the annual operation reliability index of DC MGs [25] , and the system optimal sizing can be conducted under different LPSPs. The loss of load power during the operation period of DC MGs can be obtained as follows:
bat (t) > P dh bat_max and P buy gcc (t) > P rate P load (t) − P reg (t, j) − P rate , if SoC(t) ≤ SoC(min) and P sale gcc (t) > P rate 0, Otherwise (29) where the first and second items correspond to the loss of load power when the system operates at grid-connected and offgrid modes respectively. The loss of load power will be zero at the normal operation conditions. Accordingly, the LPSP of DC MGs can be further obtained as follows: (30) where L lpsp (max) is the allowable maximum LPSP of the system.
Additionally, in order to achieve the environmental friendliness target, it is necessary to ensure a certain proportion of REGs existing in DC MGs. Therefore, proportional power generation from REGs should be limited. For this purpose, this paper takes REE as an evaluation index of optimal sizing, and the REE of DC MGs can be expressed as
where L reg (min)is the lower limited value of REE.
B. PROBLEM SOLVING MODEL OF DC MGS AND PENALTY FUNCTIONS
Generally, the optimal sizing of DC MGs is to minimize the objective functions on the basis of satisfying the essential constraints. The problem solving model can be expressed as:
where f 1 (X 1 , j) is the objective functions of system, h 1 (X 1 , j) and g 1 (X 1 , j) are the constraints. S 1 , S 2 etc. are the domains of system variables. In this paper, the economic objective functions for optimizing sizing of DC MGs mainly include initial capital cost and O&M cost of each unit. By making f 1 (X 1 , j) and f 2 (X 2 , j) equal to annualized capital costs and O&M cost of units respectively, the following equations can be obtained:
Meanwhile, in order to avoid mismatched sizing results, the system constraints are included in the overall objective function in the form of penalty functions. The specific approach is that if a mismatched result is produced in the process of optimal sizing, the penalty factor and constraints will work together to make the calculation result of the overall objective function much larger than the one which meet the constraints. This method can make the optimal algorithm abandon the mismatched results automatically. In this way, system constraints can be added into the overall objective function, and it can be presented as:
where G P is the punishment factor, which is usually a constant value, and is able to ensure that the output results of penalty function are far larger than the normal output results of economic objective functions.
IV. SYSTEM OPERATION SCHEMES AND SOLVING MODEL
Compared with AC MGs, DC MGs can abandon lots of DC-AC converters and therefore save the initial capital cost of DGs and ESS. However, DC MGs cannot connect to AC grid through a static switch as AC MGs, so there are capital cost and O&M cost of GCC existing in DC MGs. More importantly, the working status of GCC will have a great influence on the system operation schemes of DC MGs. In this paper, different optimal sizing of DC MGs are conducted under different system operation schemes.
A. POWER FLOW RELATIONS IN DC MGS
The power flow relations among different units in DC MGs are analyzed to reveal the system operation schemes. As shown in Fig. 3 , the power flow and corresponding directions between REGs, ESS, GCC and loads are depicted. Consequently, the system operation schemes can be determined by the working status of GCC. Specifically, two basic operation schemes i.e. gridconnected and off-grid operation schemes can be determined according to the status of the GCC. Further, under different on-grid policies, the system operation schemes can be divided into two types, i.e. only taking power from AC grid and exchanging power with AC grid mutually. Meanwhile, for different operation scenarios, the system operation schemes may be allowed to switch grid-connected and off-grid operation modes some times.
B. SYSTEM OPERATION SCHEMES
On the basis of the above analysis, five system operation schemes are presented in this paper, i.e. off-grid mode, unidirectional off-grid/grid-connected mode, bidirectional off-grid/grid-connected mode, unidirectional grid-connected mode and bidirectional grid-connected mode. The corresponding optimal sizing results under this five operation schemes are investigated in Section V. The detailed explanations for each operation scheme are shown as follows.
Scheme #1: In this operation scheme, ESS provides energy balance, and GCC is always disabled. DC MG is operated at off-grid mode, and P g gcc , P b gcc , P l gcc , P g bat , P g reg in Fig. 3 are equal to 0. When the energy generated from REGs is greater than the demand of loads, the excess energy is charged to the ESS. In addition, in the charge period, the charging power per hour should be limited by equation (10) , and the SoC of ESS should be limited by equation (8) . When the energy generated from REGs is less than the demand of loads, the short energy is provided from the ESS, and the discharging power per hour should be limited by equation (11) . Moreover, if the ESS still cannot balance the power, the insufficient energy will be recorded as the LPSP.
Scheme #2: In this operation scheme, DC MG is operated at off-grid mode or grid-connected mode, and GCC is enabled. However, power delivering to AC grid is not allowed, i.e. P g bat and P g reg in Fig. 3 are equal to 0. In this case, when DC MGs is operated at grid-connected mode, GCC can obtain energy from AC grid, and the generated electricity price is included in the objective function. When DC MGs is operated at off-grid mode, ESS can provide energy in its limited working range. If the power generated form REGs, ESS and GCC still cannot meet the load demand, LPSP should be recorded.
Scheme #3: This operation scheme is similar with scheme #2, but GCC can exchange power with AC grid in bidirectional way, and corresponding time-of-use strategy should be added. By selling electricity at peak time and purchasing electricity at trough time, profit can be obtained.
Scheme #4: In this operation scheme, GCC can obtain energy from AC grid but cannot provide power to AC grid, and the ESS is disabled. The system can only be operated at grid-connected mode, and P g bat , P l bat , P b gcc , P b reg , P g reg in Fig. 3 are equal to 0. In this case, when the energy generated from REGs is less than the demand of loads, the short energy is provided from GCC. Moreover, if GCC still cannot balance the power, the insufficient energy will be recorded. Scheme #5: Similarly with scheme #4, the system is operated at grid-connected mode in this operation scheme. Differently, GCC can exchange bidirectional power with AC grid, and time-of-use strategy is added.
C. SOLVING STEPS OF OPTIMAL SIZING OF DC MGS
This paper chooses PSO algorithm to solve the optimal sizing problem of DC MGs. The PSO algorithm is a heuristic algorithm based on population and evolutionary concept [31] . As an effective tool to solve nonlinear optimization problems, PSO has the advantages such as fast convergence, high accuracy etc.
The execution of PSO is a process of iterations. The algorithm preserves the historical data while producing new data, and ensures that each particle is in the historical optimality and global optimality. The individual extremum and group extremum values will be updated in each iteration. Meanwhile, the current solving fitness will be compared with the last one. If the difference of them is less than or equal to the setting minimum difference value E,i.e. solving results accuracy reached or the number of iterations is more than the setting maximum number j max , the iterations will stop and output the final optimization results. The judgment condition of iteration termination can be expressed as:
where G i and G i−1 represent the iteration results of j th and (j − 1) th respectively. On this basis, the solving steps of optimal sizing of DC MGs can be conducted. As depicted in Fig. 4 , the system optimization variables are consist of the number of PV arrays i.e. N pv , the number of WTs i.e. N wt , the capacity and power of ESS i.e. E bat , P bat , and the rated power of GCC i.e. P gcc . According to the principle of PSO, the scale, initial velocity and position etc. of particle swarm are initialized firstly. By combining with meteorological data and the unit models of DC MGs, the output power data per hour of PV and WT units can be obtained consequently. Furthermore, by using the power model of GCC, and lifespan model of ESS presented in Section II, meanwhile, according to the system operation schemes and annual data of load, system operation simulation can be accomplished under system constrains for 8,760 hours of the whole year. The total annual power generation capacity of PV and WT units, the rated power of GCC and the on-grid price can be obtained. Meanwhile, the annual capital costs and O&M costs of DC MG can be calculated according to the aforementioned data and the specific initial costs of each DG. The LPSP and REE can be further calculated by using the data of annual insufficient electricity etc., and they are counted into the system model at the form of punishment function. The PSO algorithm will continuity iterate and update the optimization until the termination condition reaches.
The optimal sizing results under five different system operation schemes can be conducted by using the above steps respectively.
V. CASE STUDY AND SIMULATION RESULTS
According to equipment capital costs and O&M costs, meteorological and load data, this paper simulates different system operation schemes of DC MG and solves the optimal sizing of DC MG by using established system model, constraint conditions and proposed optimization method. Different operation modes of DC MG are verified, and comparisons of different optimization results are analyzed.
A. INTRODUCTION OF CASE DATA
Firstly, the HOMER software is employed to acquire the typical data including annual illumination, wind speed, temperature and load profile etc. in an appointed area. Specifically, the local annual average irradiation is 242 kW/m 2 , the annual average wind speed is 5.05 m/s, and the average temperature is 28 • C. The peak power of load is 1,881.9 kW, the annual average power of load is 763.8 kW, and the annual power consumption is 6,690,876 kWh. The discount rate is 6%.
Tab. 1, 2, 3 and 4 shows the specific unit capital costs, O&M costs and lifespan of REGs, ESS and GCC. According to this data, the output profile of PV and WT can be calculated, and the lifespan of ESS can be estimated by using the weighted Ah aging model presented in Section II. When DC MG exchanges energy with AC grid, the timeof-use pricing strategy is used based on the current prices of purchasing and selling electricity. Moreover, the economic interests is realized by the strategy of selling electricity in peak period and purchasing in valley period. Accordingly, the costs associated with AC grid are included in the economic objective function. The specific price of purchasing electricity and selling electricity are shown in Tab. 5. 
B. TRENDS ANALYSIS OF ANNUALIZED SYSTEM COST
By using the solving method shown in Fig. 4 , MATLAB is employed to realize configuration optimization under the five system operation schemes of DC MG. The population quantity of PSO is 40, and the maximum times of iterations is 200.
Firstly, this paper selects different LPSP to compare annualized system cost after optimization configuration in five operation schemes, and the results are shown in Fig. 5 . It can be seen that when the LPSP is 0%, the annualized system cost in scheme #1, #2, and #3 are much higher than in scheme #4 and #5. Especially the annualized system cost in absolute off-grid operation scheme is the highest one than in other schemes. With the increasing of LPSP, the annualized system cost in scheme #1, #2, and #3 tend to be decline. However, in scheme #4 and #5, with the increasing of LPSP, the decreases of annualized system cost are not obvious.
The above investigation indicates that the annualized system cost can be effectively reduced by selecting appropriate LPSP for scheme #1, #2 and #3. Therefore, unnecessary expensive capital and O&M costs can be avoided. However, for scheme #4 and #5, since the costs generated from GCC is lower than REGs, and the power provide by GCC is much stable and reliable, the LPSP will not affect the system cost distinctly. This means the DC MG operated in grid-connected mode can offer power to loads continuously and ensure low annualized system cost simultaneously. Fig. 6 shows the optimization configuration profiles of scheme #4 under different REE. As can be seen, with the increasing of REE, especially when REE reaches 40%, the system annualized cost increases significantly, meanwhile, the rated power of GCC declines and the total capacity of REGs increases. In addition, under this operation scheme, GCC in DC MG will exchange power with AC grid bi-directionally, which leads to high economic interests. In this case, constraint of REE is added to achieve the target of clean and low carbon power generation in DC MGs, and make a tradeoff between capital cost and environment requirements. 
C. VERIFICATION OF SYSTEM OPERATION SCHEMES
By including the obtained optimal results of REGs, ESS and GCC into established system operation model, the proposed five system operation scheme can be verified in simulation environment. Based on the analysis in Section V-B, the LPSP in scheme #1, #2 and #3 is set to 1%, and the LPSP is set to 0% VOLUME 6, 2018 in scheme #4 and #5. The REE is set to 70% in all the schemes.
Future, the output profile of different type DGs in DC MG can be depicted. As shown in Fig. 7 to 11 , the 24-hour output power variation trends of PV, WT, ESS and GCC can be obtained. As can be seen, the output power of WT has the feather of intermittency, and the output power of PV gains a peak period at 12:00-14:00. The peak consumptions of load appear during midday and evening hours. The following is a detailed analysis.
In scheme #1, as shown in Fig. 7 , ESS can offer the insufficient power to meet the demand of load when the power generated from REGs is low. Conversely, when the power generated from REGs is relatively high, ESS can absorb the surplus power. Consequently, within limited secure SoC range, ESS can balance the inside power fluctuations of DC MG independently in this operation scheme. In scheme #2, as shown in Fig. 8 , GCC purchases electricity through AC grid when the inside energy is insufficient. Especially, during valley period of electricity price, GCC provides energy to user load instead of ESS. However, in this operation scheme, DC MG cannot sell electricity to AC grid. In scheme #3, as shown in Fig. 9 , GCC can purchase and sell electricity with AC grid bi-directionally. As can be seen, the power balance is completed by ESS and GCC together. Meanwhile, when the output power of REGs is surplus, excess energy can be sold to AC grid through GCC.
In the above operation schemes, since the LPSP is set to 1%, the condition that the power generated from REGs, ESS and GCC cannot satisfy the load demand will appear. However, reasonable low annualized system cost is achieved.
In scheme #4, as shown in Fig. 10 , the LPSP is set to 0%, and GCC can balance the power strictly when the power generated from REGs cannot satisfy the load demand. Since GCC operates in unidirectional way, it will stop when the power generated from REGs is able to satisfy the load demand. In scheme #5, as shown in Fig. 11 , there are only PV units and GCC existing in DC MG, and the number of PV units is more configured. When the energy peak of PV appears in the midday, the excess energy can be sold through GCC to AC grid.
Since the output power variation trends shown in Fig. 7 to 11 are based on the optimal sizing results of DC MG, the effectiveness of different operation schemes is effectively validated. Moreover, economy operation of DC MG under different operation schemes can be observed. In addition, compared to scheme #1 and #2, in scheme #3, it can be found that the amplitude and frequency of output power of ESS can be reduced. 
D. COMPARISON AND ANALYSIS OF CONFIGURATION RESULTS
In order to further compare and analyze configuration data, fixed system constraints are selected to optimize the system configuration, and then the specific optimal results of DC MG under five different operation schemes are shown in Tab. 6. As can be seen, the annualized cost in off-grid operation scheme is the highest one. This is caused by the large sizing of ESS to balance the demand of the user load when the power of REGs is insufficient. However, when DC MG is operated in grid-connected mode, the fluctuations of REGs can be compensated by the GCC, and the annualized cost can be further reduced by the strategy of selling electricity in peak period and purchasing in valley period. Meanwhile, when the GCC works bi-directionally, economic interests from AC grid can be found in scheme #3 and #5.
It should be note that the dynamic lifespan estimations of ESS are considered and conducted in scheme #1, #2 and #3. Corresponding results show that lifespan of ESS in scheme #3 is longer than in scheme 1# and #2. The lifespan of ESS is determined by the charge and discharge depth and the usage frequency together, and the lifespan estimation results trends are coincident with the amplitude and frequency of output power of ESS shown in Fig. 7, 8 and 9 .
VI. CONCLUSION
According to the components and operation characteristics of the low-voltage DC MGs, this paper proposes an optimal sizing method for DGs in DC MGs including REG units, ESS units and GCC. PSO algorithm is adopted to solve system economy target functions with relevant constraints. By considering the operating status of GCC, on-grid price and the dynamic lifespan estimation of ESS, optimal sizing results with different system operation modes and operation targets can be obtained. The results show that LPSP has a greater influence on the annualized cost of DC MGs in offgrid operation mode. Meanwhile, since GCC capital cost is lower and can produce on-grid electricity prices, the annualized cost of DC MGs in grid-connected operation mode is the lowest. However, REE should be limited to achieve environmental friendly target. The corresponding trends and comparison analyses indicate that economic objectives of optimal sizing results with different constraints, operation schemes, and considering specific operation target of DC MG are achieved.
